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ABSTPJiCT 

The caufie of microf issuring in the heat affected zone of Inconel 718 
welds has eluded investigators since the alloy's development in the early 
1960* s. Microf issuring is justifiably a primary concern at NASA/MSFC since 
there are a multitude of EB and TIG welded parts in the SSME. A program was 
initiated at MSFC to develop microf issuring envelopes which could predict 
the safe welding parameters for Inconel 718 to avoid microf issuring. In 
support of this program, a series of tests were performed to determine the 
strain necessary to initiate intergranular cracking in Inconel 718 as a 
function of temperature. These tests contained enough scatter near the 
melting temperature that questions remained as to the best curve or curves 
to fit to the data. The present research analyzed the scatter in data by 
fracture surface analysis. It was determined that the scatter was due to 
incipient melting in the grain boundary region. The melting contributed 
to low fracture strain but had only a small effect on the incipient cracking 
strain. 

Gleeble tests, which could be Interrupted by water quenching, were 
used to study the incipient Intergranular melting of Inconel 718. This 
modified weld simulation test provided a sufficiently rapid quench to 
preserve the intergranular microstructure created during incipient m'elting. 

I 

This structure was studied both microscopically and with enea-gy dlspensive 


x-ray analysis. The present report discusses the implications of incipient 
melting and low-strain incipient cracking on the development of tnicrofissurlng 
envelopes. 


INTRODUCTION 


The clftvclopment of useful ralcrof Issurlng envelopes which predict 
mlcrof lasurlng events in terms of welding parnmeters is a difficult, but 
worthwhile task. Given a microfissuting envelope for a certain metal, the 
welding machine can be programed to maximize efficiency while minimizing 
the risk of producing weld defects, In order to develop a mlcrof issuring 
envelope, the meclianlcal response of the metal during the welding cycle 
must be known. More precisely, the strain necessary to initiate inter- 
granular cracks at temperatures characteristic of the welding cycle must 
be known. 

Previous work^ has showi that the strain necessary to initiate 
Intergranular cracking near the. solidus temperature of Inconel 718 is 
nearly constant at about 0.1 percent plastic strain. Although the 
incipient-cracking strain is about constant, the fracture strain varies 
widely between about 0.1% and 26.0% plastic strain. The fact that fracture 
strain is not an Indication of incipient-crack strain is Important because 
the presently accepted method for determining microfissure sensitivity is 
the percent reduction in area at fracture (%RA) . The %RA data in the 
literature cannot be used in the calculation of a microf issuring envelope 
due to the obvious difference found between incipient-crack strain and 
fracture strain. 

Not only cannot the %RA data be used in calculating a microf issuring 

envelope, but neither can the incipient-crack strain developed in the 

previous study be used. The incipient-crack strain cannot be used due to 

the on-heating, on-cooling nature of the welding thermal cycle. The hot 

tensile test^ used to make incipient -crack strain measurements is unlike 
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the hot ductility test ’ used to make %RA measurement.s . The hot ductility 
test simulates a welding thermal cycle and fracture tests are made during 
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both the on-heatlng and on-^coollng portions of the thermal cycle, 

Figure 1 shows that the mechanical response of the metal has a much 
different temperature scnaitivity on cooling than on heating. The hot 
tensile test only measures the mechanical response on heating. Since 
mi^roflssurcs form due to thermal contraction strain during cooling, It 
Is evident that incipient-crack strain, on cooling, should ho used in 
the calculation of microf issuring envelopes. 

The present paper presents experimental evidence which suggests a 
method for estimating the on-cooling, incipiont-crnck strain. The 
metl»od combines the on-cooling temperature sensitivity data from hot 
ductility tests with tlie incipient-crack strain from hot tensile test.^>^ 
This gives an estimate of the on-cooling temperature sensitivity of the 
incipient-crack strain to be used in calculating microf issuring envelopes 
for Inconel 718, 





EXPERIMENTAL PROCEDURE AND RESULTS 


FcacCure Surfac e Analysis 

Fraeuographlc analysis was perfoi'med on the hot tensile test specimens 


given below: 


Specimen Number 

Test Temperature (F) 

Fracture Strain 

Inclplcnt-Crnck Strain 

13 

2150 

26% 

0.1 

lA 

2175 

11 

0.1 

A 

2200 

0 

0.1 

5 

2200 

3 

0.1 

15 

2200 

0.7 

0.1 

10 

2300 

0 

0 

2 

2350 

A. 5 

A. 5 

11 

2350 

3 

3 

12 

2350 


- 


TABLE I 

The specimen fracture surface was prepared for observation by the following 
cleaning steps; 

1. ultrasonic cleaning in alcohol 

2. stripping of the fracture surface with replica tope 

3. ultrasonic cleaning in acetone 
A. wash in alcohol 

The fracture surfaces thus prepared were examined using a scanning electron 
microscope. Typical fracture surface appearances are shown in Figures 2-13 
of Appendix A. The reader is referred elsewhere^ for details of the hot 
tensile test and incipient-crack strain calculation. 

Interrupted Gleeble Test 

The interrupted Gleeble test consists of rapidly quenching specimens 
from various temperatures during the thermal cycle experienced by the HAZ. 

This was done in order to follow the progressive change of intergranular 
microstructure in the HAZ during welding. A model 510 Gleeble machine was 
progranmied to simulate the thermal cycle of a HAZ for arc-welded, 1/2 ipch 
stainless steel plate. This material was chosen because of existing data 
which allowed the calculation of the desired thermal cycle. The ‘HAZ 
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tnermal cycle for an Inconel alloy should be very similar to that for 
stainless steel. The typical thermal cycle imposed on the specimens is 
shown in Figure 1^«. 

The specimens witre quenched from various temperatures during the 
thermal cycles by two methods used simultaneously. Water cooled copper 
grips extracted heat from both ends of the specimen while room temperature 
tap water was poured directly on the specimen surface, This produced 
surface quench rates of several thousand degrees F per second. The 
thermal cycles and quench rates were recorded with surface mounted thermo- 
couples and a high speed oscillograph recorder. Typical interrupted 
thermal cycles are shown in Figure lA . 

Reflected light metallography was used to study the evolution of 
Intergranular microstructure during the HAZ thermal cycle. A typical 
evolution of Inconel 718, IIAZ microstructure is shown in Figure 15. This 
evolution of microstructure was similar for both the solution annealed and 
fully heat treated conditions (Table II) . 

Solution Annealed 
1750 F for 1 hour 
Furnace Cool 
(in vacuum) 


Fully Heat Treated 
Solution Anneal 
plus 

14 OOF for 8 hours 

Furnace cool to 1200F 
1200F for 10 hours 

Furnace Cool 
( In vacuum') ^ 
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TABLE II 


EDAX analysis of the microstructure showed that second phases, 
containing about 47”^° (Nb + Mo), melted on heating and wet the grain 
boundaries. This enriched the grain boundaries to a (Nb + Mo) content 
of 28 w/^ (Figure 16). These enriched grain boundaries solidified over 
a temperature range of several hundred degrees on cooling, thus severely 
depressing the solidus temperature on cooling. The incipienV^* melting of 


i 



Uhc (Nb •i' Mo) enriched phase on heating was verified by differential 
thermal analysis (DTA) as seen in Figure 17. The solidus of the 
(Nb + Mo) enriched grain boundaries on cooling could not be detected 
by DTA which Indicates a very broad solidification temperature range. 


V 



DISCUSSION 


Tne following discussion is aimed at showing cause for revising 
earlier experimental data so that such data can be used to calculate more 
accurate microf issuring envelopes. The revisions are based on new experimental 
evidence as discussed below. 

Figure 18 shows an experimental relationship between plastic strain, 
both incipient-crack and fracture, and temperature for Inconel 718. This 
data is for the on-heating portion of the HAZ thermal cycle. The incipient- 
crack strain data contained scatter at 2200F such that the author was 
undecided as to drawing a single-nosed or double-nosed curve through the data 
points, jt v;as felt that a f ractographic study of the test specimens used in 
the previous study^ would help to determine the type of curve to draw through 
the data, This follows from the fact that all tests at 2200F were fracture 
tests. To this end the fracture surfaces were examined and it was found 
that Intergranular melting began at approximately 2200F, Figures 4-8 show 
the effect of this melting on Intergranular fracture. Figures 11 - 13 show 
the details of the grain boundary faces after fracture for the three 2200F 
specimens, Thoug’i all three samples were supposedly fractured at 2200F, 
there was apparently enough error in temperature measurement so that intergranular 
melting did not occur in all samples. On specimen 9, Figure ll* it is obvious 
that ductile tearing of the grain boundary surface occurred during fracture. 

This indicates that no Intergranular melting occurred and that the grain 
boundary failed in the solid state. Specimen 15, Figure 12, shows little or no 
indication of ductile tearing and specimen 4, Figure 13 shows obvious melting 
on the grain boundary. 

The fracture strains and crack analysis support the fractographic 

observations. Specimen 9 had no intergranular melting and supported a fracture 

strain of 3%. Specimen 4 had obvious melting and a fracture strain of less 

than 0*1%. Specimen 15 showed no ductile tearing and had a fracture strain of 
0.7%. This analysis of the 2200F test data also allows for h",e separation of 


Incipictit-crack strain from fracture strain for these specimens. The fracture 
strain and Inclplent-crack strain would correspond for specimen 4 because this 
specimen failed by a single crack growth mechanism, Specimen 15 showed a 
couple of cracks thus the 0.7% fracture strain did not go entirely to an 
Incipient crack but was used to initiate several cracks. Specimen 9 showed 
multiple-crack grow characteristic of specimens fractured at 2175F and 2150F. 

Thus the observation of intergranular liquid on the grain boundary faces of 
specimen 4 explains the scatter in data at 2200F. This observation and Its 
anfelysls also allows Figure 18 to be revised as in Figure 19 to give an accurate 
summary to the incipient-crack and fracture strains as a function of temperature. 

Figure 19 gives an accurate account of the incipient-crack strain which 
would be associated with microf issurlng for use in calculating mlcrof issurlng 
envelopes. However, as already mentioned, the strain data was taken from an 
on-heating type test while microf issurlng is an on-cooling event. Thus the data 
of Figure 19 does not translate into accurate microf issurlng data because the 
temperature axis will move to the left for on-cooling strain data, A method 
is needed which compensates for the temperature difference between on-heatinp, 
and on-cooling test data exhibited in hot-ductillty tests such as shown in 
Figure 1. 

The key to understanding how to modify Figure 19 to account for on- 
coollng temperature behavior lies in understanding the microstructural changes 
which occur in the HAZ during welding. These changes are shown in Figure 15. 

It can be seen that an intergranular film forms from melting precipitates which 
have a high concentration of (Nb + Mo) . (Nb and Mo are shown together because 
their chemical analysis peaks overlap in the EDAX analysis and they are not 
differentiated. However, the primary constituent is probably Nb.) As the 
grain boundary film solidifies on cooling the melting temperature is suppressed. 
The suppression of the melting point can be observed in the ho^ ductility test. 

In this test the nil-ductility temperature corresponds to tV,‘^ single-crack 
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growth mechanism o£ the hot fariBiXo test. Thus the nil -ductility- 
temperature is approximately equal to tlie molting temparature on cooling, 

In terras of the distribution of intergranular liquid, the on-cooling 
nll-ductility-temperature of the hot ductlltty tcist would ci --‘respond to 
the incipient melting temperature of Figure 19 (point A), The incipient 
crack strain in both on-heating and on-cooling tests should be about Che 
same. Thus the nil-ductllity-temperoturc and the incipient raelting point 
provide a means for adjusting the temperature scale of Figure 19 to 
correspond to the on-coollng temperature response of the llAZ. 

Figure 20 shows the division of cracking regions for Inconel 718 
based on the hot tensile test and corrected for the fractographic analysis 
involving the 2200F specimens per this study. It has been shown^ that low 
incipient-crack strains are found at temperatures above the erack-closure 
region, This Includes tems'^-ratures along the decreasing slope of the 
multiple crack growth region to the single crack growth (incipient melting) 
stage. It is this temperature region which constitutes the region of mlcro- 
Clssurlng susceptibility. The hot ductility test showed the same regions as 
Figure 20 between the nil -ductility-temperature and the maximum ductility. 

It Ifl suggested that this temperature range of the hot ductility test can 
be used with the Incipient-crack strain data of the hot tensile test to 
calculate raJerof issurlng envelopes. Figure 21 shows Figure 19 corrected 
for on-cooling temperature dependence of strain. 

The processing of Inconel 718 can have dramatic effects on its het 
ductility response and hence probably on its inicrof issuring response. This 
can be seen for wrought, forged and cast material in E.G. Thompson's research. 
Hence the hot ductility curves for a particular process should be consulted 
before calculating the microf issuring envelope. 


SUMIARY 


The correct temjjerntura range over which to enpect low-strain incipient 

cracking wag determined using hot ductility test results, these corrected 

incipient crack dote are summarized in Figure 21 for use in calculating micro- 

flBsuring envelopea for Inconel 718, The precise incipient crack data for 

use with a particular processing procedure guch a& casting, forging etc. 

should be carefully considered since each processing method leads to different 

mechanical responses in the HAZ* These corrected data should be use-., tn pre- 

1 

ference to data presented in earlier reports. 



RRCOhfMKKDATIONS FOR FURTHER RESEARCH 
Present and past research Into the erackilng behavior of Inconel 718 
Ims resulted In the Identification of several HAE maladies. Foremost among 
these is the liquation of a secondary phase which is highly enriched in 
(Nb + Mo), This phase melts below the bulk melting temperature of Inconel 718 
and wets the grain boundaries with the (Nb -F Mo) enriched liquid. Further 
research is necessary to identify the processing cycles which lead to the 
formation of this phase in the pre~welded product. Research is also 
necessary to Identify methods of dispersing ttiis phase before welding. This 
could be done by pre-weld heat treatment or controlled processing. Furthermore, 
the detrimental effect of (Nb + Mo) enriched grain boundaries in the as 
welded product should be evaluated by mechanical testing. 
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APPENDIX A 


FIGURES 
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FIGURE 1 - TYPICAL lioT DUCTILITY FOR INCONFL 718 . 

EXACT CURVE WILL VARY I ROM HEAT TO HEAT AMO 

WITH PROCESSING TECHNIQUES. 
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FIGURE 13 SPE(»TMEN A 200X 
• FR/\CTURE TEMPERATURE 2200F 
•FRACTURE STRAIN <0.1Z 







FIGURE 14 - SIMULATED HAZ THERMJ\L CYCLE AND RAPID QUENCH RESUL 

A. SIMULATED HAZ THERMAL CYCLE. 

8. QUENCH FROM 2250 ON KEATING. 

C. QUENCH FROM 2250 ON COOLING. 
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HAZ AT 2180K on HEATING’ 200X 
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HAZ AT 2275F OH HtATIHG; 1200X 


HAZ AT ON HEATING; 1200X 





• HAZ AT 2150F ON COOLING FROM ?30C 

• 1200X 


HAZ AT 2300F MAXIMUM TEMPERATURE; 
1200X 


FIGURF I*> (CONTINUED) 


FICMHE U EPAX ANALYSIS OF MICROSTRUCTURE . 


SPOT il from Fitjure is 

Nb 

Mo 

Ti 

Ni 

Cr 

Fe 

A1 

Al, Bl, Cl, Dl, B2, C2 

4.8 

4.3 

1.1 

53,0 

17.5 

17.9 

0.8 

A2, A3 

36.7 

10.7 

3.5 

26.1 

10. 1 

9.7 

2.8 

B3, C3, P2 

21.2 

7.3 

2.2 

42.0 

12.9 

11.6 

2.3 

B4 

64.6 

^ O O 
X & • c 

8.9 

5.0 

2.2 

1.9 

4.8 

C4 

15.3 

6.9 

57.6 

8.9 

4.8 

4.0 

3.5 


A1 Fe Cr 
0.31 13,01 18.47 


W^^ICALJW inconel 718 . 

m Mo N1 V Ti Mb Co C S 

0.23 3.29 57.0 0.27 0.91 5.12 1.51 0.06 0.003 
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FIGURE 13 I ncipienT- Crack s+ram versus t.«p«r«+ur« from pterfovs study 
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FIGURE 19. Summary of the temperature dependence of incipient-crack and fracture strains for Inconel 718. 
Corrected hot tensile test results, 
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PERCENT PLASTIC STRAIN 

FIGURE 21 Summary of the temperature dependence of incipient crack and fracture strains for Inconel 718 
Temperature dependence of strains has been adjusted by setting point A to the nil— ductility 
temperature and point B to the maximum strength temperature for on cooling hot ductility test 
The above data is for cooling wrought Inconel 718 from a maximum temperature of 2350F. 


